We implement Monte Carlo simulations to determine dynamic phase transition features of both cubical and spherical nanoparticles composed of spin-1/2 cores surrounded by a spin-1 shell layer. The particles are subjected to an oscillating magnetic field. We plan these particles such that they have similar volumes. It is observed that the nonequilibrium magnetic phase transition temperatures of the particles with similar volumes explicitly depend on their geometrical shapes as well as the system parameters. The cubic one has a higher transition temperature than the spherical one for the small interface coupling, whereas the transition temperature of the spherical particle becomes higher than that of the cubic one with further increment in antiferromagnetic coupling. We also analyze the magnetic features of the particles, such as dynamic remanence and coercivity treatments. Our simulation results suggest that the spherical particle has almost the same coercivity behavior as the cubic one for some considered system parameters. However, there are some differences in the context of remanence behaviors between spherical and cubic core-shell nanoparticles.
Introduction
Based on the developments in chemical synthesis techniques, scientists can now produce various types of controllable nanomaterials such as nanowires, nanotubes, nanorods, nanocubes, and other more complex shapes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Nanoparticles are important materials that show unusual and interesting physical properties [11] , and they are also potential candidates for applications in advanced nanotechnology [12] [13] [14] [15] due to their distinctive magnetic properties. For example, multifunctionality core-shell nanowires have been produced by making use of a facile low-cost fabrication process, and it has been shown that a multidomain state at remanence can be obtained, which is an important and attractive feature for biomedical applications [14] . Recently, it has been reported that nanoparticles exhibit superparamagnetism [16] , quantum tunneling of magnetization [17] , and large coercivities [18] . It can also be said that one of the most interesting features of core-shell magnetic nanoparticles is the exchange bias phenomenon [19, 20] . From the theoretical point of view, equilibrium phase transition properties of a great number of magnetic nanoparticle systems have been studied by benefiting from some methods such as mean field approximation (MFA) [21] [22] [23] [24] , effective field theory (EFT) [24] [25] [26] [27] , Green's function formalism [28, 29] , and Monte Carlo (MC) simulations [20] [21] [22] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
We know today that an interacting spin system under the influence of a time-dependent oscillating magnetic field exhibits two important phenomena: dynamic phase transitions and hysteresis behavior. These types of magnetic systems attract the attention of the scientific community because they present unusual and interesting dynamic behaviors. For instance, detailed numerical simulation studies reported that the universality classes of the Ising model and its variations under a time-dependent driving field are different from its equilibrium counterparts [39] [40] [41] . It is possible to emphasize that nonequilibrium phase transitions originate from a competition between time scales of the relaxation time of the system and oscillating period of the external applied field. For high temperatures and amplitudes of the external field, a simple ferromagnetic (FM) system exists in a dynamically disordered phase where time-dependent magnetization can follow the external magnetic field with some delay, whereas this is not the case for low temperature regions and small magnetic field amplitudes. The physical mechanism described above points out the existence of a dynamic symmetry-breaking phenomenon [39, 42, 43] .
From the theoretical perspective, external field dependency of a FM system was first performed by Tomè and Oliveira by utilizing the kinetic mean field equation of motion [42] . From that time, many studies dealing with dynamic phase transitions and hysteresis properties of bulk as well as nanoparticle systems driven by a timedependent magnetic field have been analyzed by a variety of techniques such as the MC simulation method [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , MFA [39, 44, 47, 53, 54] , and EFT [55] [56] [57] [58] . For example, in Refs. [56, 57] , thermal variations of time-averaged magnetizations, dynamic correlations between time-dependent magnetic fields and magnetization, and hysteresis loop areas of cylindrical Ising nanowire and nanotube systems have been elucidated by benefiting from Glaubertype stochastic processes [59] . It is underlined that, depending on the Hamiltonian parameters, the considered systems represent different types of magnetization profiles according to the Nèel theory of ferrimagnetism [60, 61] . Moreover, a comprehensive MC simulation study with local spin update Metropolis algorithm has been carried out to determine the dynamic phase transitions, hysteresis, and finite size properties of a ferrimagnetic nanoparticle system with a core/shell structure [50] . It was reported that the system may exhibit a transition from a disordered to an ordered phase via tunable shell thickness. Recently, a spherical core/shell nanoparticle system with a spin-3/2 core coated by a spin-1 shell layer with antiferromagnetic (AFM) interface coupling was exposed to a sinusoidal magnetic field [51] . It was reported that dynamic phase boundaries strongly depend on the Hamiltonian parameters; for instance, for high amplitude and period of the external field, phase transition temperature sharply changes, whereas it tends to slowly alter as the reduced magnitude of interlayer coupling increases. Additionally, it was observed that the magnetization curves of the particle obeyed P-type, N-type, and Q-type classification schemes under certain conditions [51] . However, geometrical shape dependencies of nanoparticle systems on dynamic phase transition properties were not analyzed in the above cited studies. An open and interesting question is whether the dynamic phase transition properties of different shapes of magnetic nanoparticles with similar volumes are the same or not. As far as we know, by making use of equilibrium statistic mechanical and experimental tools, a limited number of studies have been dedicated to looking for an answer for this question [38, [62] [63] [64] [65] [66] [67] [68] . For example, by combining a nonhydrolytic reaction with seed-mediated growth, it was reported that the values of T B (blocking temperature) and of saturation magnetization of a spherical particle were larger than the cubic ones [62] . Recently, it was found by benefiting from both experimental and theoretical techniques that the value of T B of maghemite particles depends on their geometrical structures, with spherical particles exhibiting larger T B [68] .
Based on the previously published works mentioned above, it is obvious that magnetic phase transition properties in equilibrium of differently shaped fine particles are clearly indicated. However, the understanding of the physics behind the nanoparticles under a time-dependent field deserves particular attention. From this point of view, we intend to investigate the nonequilibrium phase transition properties of cubical and spherical nanoparticles with similar volumes.
The paper is organized as follows: we give formulation and simulation details in Section 2. The results and discussion are given in Section 3, and finally Section 4 contains conclusions.
Formulation
We consider cubical and spherical magnetic nanoparticles composed of a spin-1/2 FM core that is coated by a spin-1 FM shell layer. The systems are located on the simple cubic lattice (for schematic representations, see Figure 1 ). At the interface of each particle, we use an AFM spin-spin coupling between core and shell spins. To keep the volumes of particles similar, one can select the total radius of spherical nanoparticles as R = 10 and the total thickness of cubical nanoparticles as L = 16. The particles are exposed to a magnetic field that oscillates in time. The Hamiltonian can be given as follows: 
where σ = ±1/2 and S = ±1, 0 are the spin variables in the core and shell sublattices of the systems. J int , J c , and J sh describe the AFM interface (J int < 0), FM core (J c > 0) , and FM shell (J sh > 0) spin-spin couplings, respectively. h (t) = h 0 sin(wt) shows the time-dependent magnetic field, where h 0 and w are the amplitude and the angular frequency of the field, respectively, and t is the time. The period of the field is τ = 2π/w .
The symbols ⟨· · · ⟩ shown in Eq. (1) denote the nearest neighbor interactions on the core/shell nanoparticle system. For the sake of simplicity, J sh = 1.0 throughout the study.
We use MC simulations with the Metropolis algorithm [69] , applying free boundary conditions in all directions for cubical and spherical particles. We note that application of such type of boundary conditions to the systems allows us to study the physics of the finite-size system. Readers can refer to reference [51] for details of the simulation procedure. Total number of the computer experiments is 50, and the total length of the simulation is 3 × 10 4 MC steps per site after discarding the first steps. We use the jackknife technique to calculate the error bars [70] .
The time-dependent sublattice magnetizations, M c (t) and M sh (t) , and the total magnetization M (t) at time t can be given as: (2) where N c and N sh represent the total number of spins located in the core and shell layers, respectively. These 3 for cubic particles while they are N c = 2169 (R c = 8) and N sh = 2060 (R sh = 2) for spherical particles, respectively. From the time-dependent magnetizations, the dynamic order parameters can be obtained as follows:
where Q c Q sh , and Q correspond to the dynamic order parameters. From this point of view, we can also use two additional order parameters belonging to core and shell layers of the particles as follows:
In addition, we calculate the time average of the energy of the particles as follows [47] :
By benefiting from Eq. (5), the specific heat can be obtained as:
where T denotes the absolute temperature. Here we should mention that dynamical phase diagrams are presented by benefiting from the peaks of heat capacities.
Results and discussion
It is known that, depending on the value of period τ and reduced amplitude h 0 /J sh of the external applied field, the magnetic system can exist in a dynamically ordered or disordered phase. In other words, the dynamic phase boundary line separating the ordered and disordered phases strongly depends on the applied field components as well as other system parameters. At first glance, one can clearly deduce from Figures 2a-2c that dynamically ordered regions expand with decreasing values of the field amplitude for all considered periods for both spherical and cubical particles. It is also found that the phase transition temperatures of the particles explicitly depend on their geometrical structures as well as system parameters. For example, in relatively small AFM coupling regions, the cubical particle has a higher transition temperature than the spherical one. With increasing strength of the AFM interface coupling J int /J sh T c values of both particles gradually increase, and after a certain value of J int /J sh the transition temperature of the spherical particle becomes larger than that of the cubical one. It is also possible to emphasize that the transition temperatures of particles get lower with an increment of τ The physical mechanism underlying of this observation can be found in reference [51] .
Moreover, for weak |J int /J sh | values, core and shell layers of the particles become nearly independent of each other. As the strength of the AFM interaction is enhanced, it becomes dominant against the periodic local fields, and the particle exhibits a strong FM order. Hence, a relatively large amount of thermal energy is needed to observe a dynamic phase transition in the system, due to the response of the spins to the external magnetic field. As a result, dynamically ferrimagnetic ordered phase regions in the phase diagrams shown in Figures 2a-2c become narrower with increasing h 0 and τ values.
In order to understand in detail the influences of the J int /J sh parameters on the temperature dependencies of heat capacities corresponding to the phase diagram depicted in Figure 2a , we plot the thermal variations of heat capacities for relatively low and high values of J int /J sh in Figures 3a and 3b for selected values of Hamiltonian parameters such as J c /J sh = 0.75 h 0 /J sh = 0.25, and τ = 50 . It is possible to figure out from the curves that dynamic heat capacities present a hump behavior located at the relatively low temperature regions and a sharp peak corresponding to the dynamic phase transition point. Our calculations indicate that the hump behaviors are a result of a sudden change in the core magnetizations. This type of observation was also reported in our recent MC studies [50, 51] . We should note that the positions of the sharp peaks definitively depend on the AFM coupling parameter as well as the geometrical structures of nanoparticles with similar sizes.
In Figures 4a-4d , we depict the thermal variations of dynamic order parameters of cubical and spherical nanoparticles corresponding to phase diagrams plotted in Figure 2a for various AFM exchange coupling param- eters with selected applied field amplitude h 0 /J sh = 0.25 and period τ = 50. Based on the upper left panel in Figure 4 , it can be easily said that when temperature increases, starting from zero, both cubic and spherical nanoparticle systems demonstrate unusual and interesting behaviors. For instance, they show a temperatureinduced local maximum in the low temperature region and, with an increment in temperature value, each of the particles exhibits a second-order dynamic phase transition between dynamically ordered and disordered phases. Figure 4b illustrates the temperature dependencies of the sublattice magnetizations of cubic and spherical particles. It is possible to mention that even though the FM exchange coupling of the core particles is weaker than that of the shell layer, both the core and shell layers of two particles bring about a dynamic phase transition at the same critical temperature, which is a result of the relatively strong interface coupling. An interesting result occurs with further increment in AFM exchange coupling parameter. As seen in the magnetization curves shown in Figures 4c and 4d , the phase transition temperature of the spherical particle becomes larger than the cubic one. Additionally, the sudden changes in the core magnetizations of both particles arise with increasing temperature, and, as we mentioned above, these changes give rise to the existence of local humps located at relatively small temperatures depending on the Hamiltonian parameters in the thermal variations of heat capacities.
In the following analysis, let us investigate the influences of the applied field amplitude h 0 /J sh on the dynamic order parameter curves of the spherical and cubical nanoparticles, corresponding to the phase diagrams depicted in Figure 2b for considered values of Hamiltonian parameters such as J int /J sh = −0.5, J c /J sh = 0.75, and τ = 100 . In Figures 5a and 5b , we represent the thermal variations of total magnetization curves with varying values of h 0 /J sh It is possible to say that dynamic evolutions of spherical and cubical particles strongly depend on the amplitude of the external applied field. As seen in these figures, the phase transition temperatures of the particles decrease with increasing h 0 /J sh values. The related physical mechanism can be understood via a Landau-type double well potential [39, 45] .
In Figures 6a and 6b , we show the influences of the external field period τ on the dynamic phase transition characteristics of the particles. One can easily show that the thermal variations of the dynamic order parameters of both spherical (6a) and cubical (6b) particles are very sensitive to the applied field period, and with increasing period, the phase transition temperatures of both particles decrease for the considered Hamiltonian parameters. The physical facts underlying these findings observed in Figures 6a and 6b are identical to those emphasized in Figures 2a-2c . Therefore, we will not discuss these interpretations here.
As a final investigation, we focus our attention upon the coercivity and hysteresis behaviors of cubical and spherical magnetic nanoparticles. At this point, we want to underline that there exist clear differences between dynamic and static hysteresis behaviors. It is beneficial to directly talk about the properties of dynamic hysteresis, since the static hysteresis mechanism of equilibrium systems is well known from the previous comprehensive investigations [71] . Dynamic hysteresis occurs because of the dynamic phase lag between timedependent magnetization and the applied oscillating magnetic field. In a magnetic system under the influence of an oscillating magnetic field, the hysteresis behaviors can be classified into two classes by seeing the shapes of the dynamic hysteresis curves: in the first class, the system exhibits symmetric hysteresis loops around the origin corresponding to the dynamically disordered phase, whereas it is possible to see asymmetric hysteresis loops corresponding to the ordered phase in the second class. Moreover, by benefiting from the coercivity and remanent magnetization of the system, the geometrical shape of the hysteresis loop can be determined.
The hysteresis simulation procedure is defined briefly as follows: the dynamic hysteresis loops are calculated at a special temperature T = 0.8T 0 c , where T 0 c is the equilibrium transition temperature of the system. This type of choice of temperature has been done in some of the previously published studies concerning the dynamic phase transition properties of different types of magnetic systems [46, [50] [51] [52] , and it is obvious from the studies that at such a temperature one can easily observe a purely oscillating magnetic field induced phase transition between dynamically ordered and disordered phases. To investigate the effect of the AFM coupling parameter on coercivity profiles of the cubical and spherical magnetic nanoparticles, we give the period dependencies of coercivities at various oscillating field amplitudes in Figures 7a and 7b . It can be said by focusing on Figure 7a that, depending on the applied field amplitudes, it is possible to observe large coercive fields at low applied field periods for both particles. Moreover, it is found that the coercivity curves of two particles exhibit sudden variations with increasing applied field period, whereas for sufficiently high τ they exhibit a stable behavior. Additionally, cubical and spherical particles show almost the same behavior for J int /J sh = −1.0. As seen in Figure 7b , an increment in the AFM coupling parameter does not lead to the existence of the very different hysteretic behaviors observed in Figure 7a .
In Figures 8a and 8b , we present the dynamic hysteresis loops corresponding to Figures 7a and 7b for some selected applied field periods with the considered value of h 0 /J sh = 1.0. It can be deduced from Figures 8a and 8b that the hysteresis loops of both cubical and spherical particles are symmetric in the magnetization versus magnetic field plane and also the remanent magnetization values of the particles do not tend to change when τ varies. Furthermore, the width of the loops of particles becomes narrower but does not vanish for high τ values, and these situations explicitly indicate the existence of dynamically disordered phases for the selected Hamiltonian parameters. Our kinetic MC simulation investigations highlight that although the general profiles found in Figures 8a and 8b resemble each other, the cubical particle has a relatively larger coercivity value than the cubical one. 
Concluding remarks
In conclusion, based on the standard Metropolis algorithm, we have carried out MC simulations of cubical and spherical magnetic nanoparticles with similar volumes under a time-dependent oscillating magnetic field in order to elucidate how the amplitude and period of the external oscillating magnetic field as well as exchange couplings affect the dynamic critical behaviors of the particles. After a detailed analysis, for both cubical and spherical particles, the dynamic phase boundaries separating the dynamically ordered and disordered phases have been constructed in the (J int /J sh − T c /J sh ) plane with selected Hamiltonian parameters. It was found that dynamic evolutions of magnetic nanoparticles explicitly depend on their geometrical shapes as well as Hamiltonian parameters. For fixed sets of values of amplitude and period of the oscillating magnetic field, the cubical one has higher transition temperature than the spherical one for a relatively small interface coupling parameter, whereas the transition temperature of the spherical particle becomes higher than that of the cubical one with further increment in AFM coupling parameter. It was also observed that dynamic heat capacities of particles exhibit a hump behavior originating from a sudden change in the core magnetizations located at the relatively low temperature regions and a sharp peak corresponding to the dynamic phase transition point. In addition to these, we have touched upon the coercivity and hysteresis behaviors of particles, and we found that the coercivities of particles seem to be similar for the relatively low AFM exchange coupling between core and shell spins, whereas some explicit differences, especially in the high applied field period regions, begin to emerge with increasing AFM exchange coupling. It was also demonstrated that both cubical and spherical particles have similar hysteresis shapes for some combinations of Hamiltonian parameters.
All of the observations found in this work show that the Ising model can be successfully applied to such types of nonequilibrium systems in the presence of a time-dependent forcing magnetic field. However, core-shell nanoparticles have strong surface disorder due to the broken symmetry and roughness; thus, the true nature of the physical facts reported in this work may be further understood with a more realistic model such as the Heisenberg type of Hamiltonian. Clarifying these types of effects on small-sized magnetic nanoparticles will be beneficial for a better understanding of the heat capacity, coercivity, remanence, and other magnetic properties.
We think that such a detailed investigation may be an interesting subject of future work. As a final conclusion, we note that more work is required to match and understand the theoretical and experimental findings regarding the thermal and magnetic properties of the advanced functional core-shell nanoparticles in different geometries.
